MicroRNAs (miRNAs) have emerged as crucial regulators of T lymphocyte survival, differentiation and function, all of which are key factors impacting the outcome of adoptive T cell-based immunotherapy. It has become increasingly clear that the adoptive transfer of memory CD8 + T cell subsets is highly correlated with objective clinical responses for patients with advanced cancer. However, it is unclear how to improve the long-term persistence of transferred CD8 + T cells using miRNAs. Here, we highlight the current advances in our understanding of the role of miRNAs in regulating the differentiation of memory CD8 + T cells. We specifically discuss the effect of miRNAs on key transcription factors, immune checkpoints and signal pathways, which contribute to the differentiation of effector and memory T cell subsets. Ultimately, miRNAs may be easily integrated into existing T cell receptor (TCR) and chimeric antigen receptor (CAR) platforms to promote adoptive T cell therapy with multiple advantages. Thus, combining T cell-based therapy with miRNAs could be considered a promising and robust strategy for cancer treatment.
Introduction

Memory CD8
+ T cells play a critical role in the immune response against pathogens and cancer [1] . After stimulation with foreign antigens, naïve T (Tn) cells are activated and differentiate into effector T (Teff) cells and acquire effector functions, including the production of effector cytokines and the expression of a large number of effector genes [2] . After the peak of T cell proliferation, most Teff cells die via apoptosis. The surviving T cells differentiate into memory T cells, including stem cell memory T (Tscm) cells, central memory T (Tcm) cells, and effector memory T (Tem) cells [3] . Memory T cells display robust proliferative and survival advantages, and different subsets of memory T cells can be identified by specific cell surface markers and gene expression profiles [4] . Following adoptive transfer, naturally occurring or gene engineered Teff cells enter the tumor microenvironment, where they are regulated by a complex immunosuppressive network that consists of cancer cells, inflammatory cells, stromal cells and cytokines [5] . These components often drive T cells to undergo terminal differentiation, in which they express high levels of co-inhibitory receptors, including programmed cell death protein 1 (PD-1), T cell immunoglobulin domain and mucin domain protein 3 (TIM-3), and cytotoxic T lymphocyte antigen-4 (CTLA-4) [6, 7] . In addition, current in vitro methods to expand T cells to sufficient numbers for adoptive transfer cause terminal differentiation and replicative senescence of the adoptively transferred cells [8] . Thus, efforts to delineate the mechanisms driving T cell expansion and differentiation in CD8 + T cells may improve the efficacy of adoptive T cell therapy (ACT). MicroRNAs (miRNAs) are endogenous single-stranded RNA molecules of 18-24 nucleotides in length that post-transcriptionally inhibit the expression of their target mRNAs in cells by binding to their 3' untranslated region (UTR) [9, 10] . It has been predicted that up to 90% of human protein-coding genes are regulated by miRNAs. Furthermore, a single protein can be influenced by several individual miRNAs targeting shared or distinct sequences within the target 3' UTR. Therefore, miRNAs can potently regulate biological networks by cumulatively or cooperatively inhibiting molecules [11] [12] [13] . miRNAs that mediate the regulation of gene and protein expression have emerged as an important mechanism in T cell biological processes [14] [15] [16] . It has become clear that transcription factors and metabolic signaling pathways can contribute to T cell differentiation and memory formation [17] [18] [19] . Recent studies have also highlighted the importance of cytokines in enhancing the formation of Tscm cells for ACT [20] [21] [22] . Mounting evidence demonstrates that miRNAs are critical regulators of the transcription factors, immune checkpoints and pathways involved in the regulation of memory T cell differentiation [23, 24] . Here, we review the mechanisms by which miRNAs regulate the differentiation of memory CD8 + T cells and highlight potential strategies to integrate miRNAs into ACT for the therapeutic benefit of patients with advanced cancer.
Biological characteristics of miRNAs in CD8 + T cells
During miRNA biogenesis, nascent primary miRNA transcripts are sequentially processed in the nucleus by the type III ribonuclease called drosha and the non-catalytic protein DGCR8 into stem-loop structures called precursor miRNAs [25] . These precursor miRNAs are then transported by exportin-5 into the cytoplasm, and are further processed into the mature form of miRNA by the RNase III endonuclease Dicer [26] . The regulation of T cell fate decision and control of development and differentiation in thymocytes by mature miRNAs have been reported [27] . A deficiency of Dicer in T cells leads to the dysregulation of CD8 + T cell activation, proliferation and survival, indicating that miRNAs are major gene regulators during CD8 + T cell responses [28] . Therefore, the properties of miRNAs may be particularly relevant for the long-term survival of adoptively transferred T cells [29] . Extensive studies have indeed provided a comprehensive view of the expression and functionality of several [30, 31] . The differentiation of CD8 + T cells must be tightly regulated to induce productive immune responses and to establish longterm immunological memory. Hence, we will review individual miRNAs that are specifically expressed in mature T lymphocytes, with a particular focus on those influencing CD8 + T cell differentiation and function. The key miRNAs discussed in this review and the processes in which they are involved are summarized in Table 1 .
Important miRNAs for the differentiation of memory CD8 + T cells
Systematic miRNA profiling studies have shown that the expression of multiple miRNAs changes during T cell differentiation, suggesting that miRNAs are likely involved in this process [27] . With the development of next generation sequencing technology, the view of the miRNA landscape in CD8 + T cells has become increasingly clear. However, the key miRNAs that may determine the differentiation status of CD8 + T cells remain to be defined. Here, we describe how the differentiation and effector function of T cells are regulated by several miRNAs.
miR-17-92
The miR-17-92 cluster, a well-studied miRNA cluster, is a polycistronic gene encoding 6 miRNAs (miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92) and has 2 paralogs (miR106b-25 and miR-106a-363) generated by ancient genomic duplications [32, 33] . miR-17-92 is frequently relevant in genomic translocation and amplification, and is overexpressed in various malignancies [34, 35] . This miRNA cluster is expressed at a high level in T precursor cells, and is decreased after clonal expansion. Deletion of miR-17-92 results in enhanced memory differentiation in mice. In contrast, the increased expression of miR-17-92 leads to the skewed terminal effector differentiation of CD8 + T cells, with alterations in a series of transcription factors that balance memory and effector fates. Therefore, miR-17-92 downregulation is required for normal memory formation [36] . Mechanistically, miR-17-92 regulates CD8 + T cell proliferation and phosphatase and tensin homolog (PTEN)-mediated regulation of the PI3K-Akt-mammalian target of rapamycin (mTOR) axis [37] . mTOR is an important mediator of programmed CD8 + effector and memory cell fate by regulating the expression of T-box transcription factor (TBX21) and eomesodermin (EOMES) [38, 39] . Further evidence supports a role for miR-17-92 in targeting HIF-1α in cancer cells. HIF-1α is also expressed in CD8 + T cells and may stimulate glycolysis and enhance effector function [40, 41] . Consistently, miR-17-92 overexpression has been reported to promote the development of terminal effectors and decrease the formation of memory T cells by enhancing mTOR activity [36] .
miR-28
Most T cells in the tumor microenvironment are exhausted, leading to tumor immune evasion [42, 43] . T cell exhaustion may be related to defective memory T cell formation, and dysfunctional T cells are ineffective at eliminating tumor cells. The major feature of the exhausted T cell phenotype is the very high expression of immune checkpoint molecules such as PD-1 [44] . Immune checkpoint inhibitors targeting PD-1/programmed death-ligand 1 (PD-L1) have been clinically successful and have revolutionized the treatment of advanced cancers [45] . Furthermore, research has been performed to observe the effects of miRNAs on PD-1 in cancer and T cell exhaustion [46] . On the basis of the gene silencing function of miRNAs, miR-28 has emerged as a potential target for cancer therapy. miR-28 is an intragenic miRNA encoded by intron 6 of the LIM domain-containing preferred translocation partner in lipoma gene located on human chromosome 3q28 [47] . It has been reported that expression of miR-28 is down-regulated by approximately 30% in exhausted PD-1 + T cells extracted from melanomas [46] . miR-28 inhibits the expression of the immune checkpoint molecules PD-1, TIM3 and BTLA in T cells by binding to their respective 3' UTRs. Experimentally, the [46] . Collectively, miR-28 may play an important role in reversing the terminal status of T cells into memory cells and recovering the ability of T cells to secret pro-inflammatory cytokines.
miR-155
The B-cell integration cluster, which encodes miR-155, was initially found to accumulate in human B cell lymphoma patients [48] . The differential expression of miR-155 is involved in the differentiation of CD8 + T cells. For example, miR-155 expression is up-regulated in effector and effector memory CD8 + T cells, while it is down-regulated in Tn and Tcm cells [49] . It appears that T cell receptor (TCR) signaling and the NF-κB pathway are involved in the induction of miR-155 expression in CD8 + T cells, though the underlying factors regulating its expression are multifaceted. miR-155 deficiency results in defective PI3K-AKT signaling, due to heightened levels of the inositol 5-phosphatase SHIP-1, a known target of miR-155. miR-155 deficiency also causes defective cytokine signaling through STAT5 by targeting cytokine signaling 1 (SOCS-1) and the protein tyrosine phosphatase PTPN2 [49] . Therefore, miR-155 is required for the effector response of CD8 + T cells. More importantly, a lack of miR-155 causes a skewing of CD8 + T cells toward the development of memory precursor cells [50] . Although central memory CD8 + T cells have been shown to confer superior immunity both in vivo and in studies using adoptive cell transfer [3] , it remains elusive whether manipulation of miR-155 expression in T cells may prove a useful way to generate preferentially memory cells for immunotherapy.
Other miRNAs
Recent studies on miRNA profiling have identified dynamic changes in the miRNA repertoire of Tn cells as they differentiate into functional effector and memory cells [51] . The striking global down-regulation of a number of miRNAs, including miR-16, miR-21, miR-142, miR-150, miR-15b and let-7f, was observed in effector CD8 + T cells compared with Tn cells. However, the reduced expression of these miRNAs tends to increase their expression to levels similar to those in Tn cells [52] . miR-150 represses the expression of the IL-2 receptor alpha chain (IL-2Rα, also called CD25) in CD8 + T cells. In line with these results, miR-150 −/− T cells express higher levels of IL-2Rα, undergo more proliferation, and rapidly become terminally differentiated. Therefore, miR-150 is likely responsible for the survival of effector CD8 + T cells and their differentiation into memory cells by attenuating IL-2 signaling [53] . In addition, miR-15b was reported to inhibit the activation of CD8 + T cells by repressing the production of IL-2, interferon (IFN)-γ, and CD69 and induces T cells to develop into a memory state [54] . Moreover, miR-15b prevents CD8 + T cells from undergoing apoptosis by targeting DEDD, a ubiquitous death effector domain-containing protein [54] . miR-29 regulates the production of IFN-γ by T cells by binding directly to the 3' UTR of IFN-γ mRNA, as well as TBX21 and EOMES [55] . During the in vivo immune response to lymphocytic choriomeningitis virus (LCMV), the number of TBX21-dependent shortlived effector cells (SLECs) is significantly decreased by overexpression of miR-29 [56] . The activation of T cells via TCR signaling induces a high level of miR-31 expression, which promotes T cell dysfunction by enhancing the expression of multiple inhibitory molecules. In addition, miR-31 has an important role in enhancing the exhaustion of CD8 + T cells [57] . Two other miRNAs, miR-139 and miR-342, which are down-regulated in Teff cells compared with memory precursor T cells in LCMV-infected mice, are involved in the terminal effector cell differentiation of CD8 + T cells [28] . In light of the important roles of miRNAs in T cell differentiation and function, decreasing or increasing the levels of miRNAs in T cells could be a promising strategy for future immunotherapeutic approaches. 
miRNA-mediated regulation of transcription factors, immune checkpoints and signaling pathways during the differentiation of memory CD8 + T cells
The target networks of miRNAs are complex and include many molecules and signaling pathways [58] . Indeed, the role of miRNAs in the differentiation of various T cell subsets is mediated by different molecules such as transcription factors and immune checkpoints, resulting in memory or terminal formation of CD8 + T cells (Fig. 1) . The following sections provide insights into the diverse roles of miRNAs as key regulators of these molecules and related pathways.
miRNA regulation of transcription factors
It is well known that the development of memory CD8 + T cells is crucially dependent on transcriptional events that are regulated by TBX21 and EOMES [59] . Furthermore, the high expression of TBX21 is associated with the terminal differentiation of SLECs. Conversely, the expression of EOMES is associated with a less differentiated phenotype of central memory T cells [60, 61] . Over the past decade, several miRNAs have been found to regulate the expression of EOMES and TBX21 in CD8 + T cells [62] . To explore further the effects of miRNAs on the expression of these transcription factors, miRNA knockout in T cells has been studied extensively. For example, miR-17-92 deficiency in CD8 + T cells reduces the expression of EOMES, but increases the expression of TBX21, leading to the formation of CD127 lo KLRG-1 hi SLECs [63] . Additionally, miR-139 and miR-342 target and inhibit the expression of EOMES in effector cells [28] , which is in keeping with the hypothesis that EOMES is a contributor to the formation of memory precursor cells [59] . These findings have indicated an important role for miRNAs in the differentiation of memory T cells by regulating the expression of transcription factors.
miRNA regulation of immune checkpoints
Tumor-infiltrating CD8 + T cells can mount responses against many human tumor types. However, these CD8 + T cell responses often fail to eradicate tumors because T cells can become exhausted, in which state they express high levels of PD-1, TIM-3, and BTLA [64] . Moreover, the upregulation of those inhibitory receptors correlates with variable levels of T cell dysfunction [7] . It is worth mentioning that the PD-L1/PD-1 signaling pathway is a crucial regulator of T cell exhaustion in cancer [65] . Despite the fact that PD-1 blockade monotherapy can partially reinvigorate exhausted T cells, only a few studies have attempted to examine the role of miRNAs in regulating the PD-1 pathway. To explore the effects of miRNAs on immune checkpoints, a microarray was used to profile differentially expressed miRNAs between PD-1 + and PD-1 -T cells. Several miRNAs, including miR-28, miR-150, and miR-151-5p, are significantly down-regulated in PD-1 + T cells from mice with melanoma. Eventually, miR-28 was identified as a key miRNA that can directly target the 3' UTR of PD-1, which may convert the exhausted status of T cells by inducing the secretion of cytokines such as IL-2 and TNF-α [46] . Other miRNAs such as miR-138 were also found to target PD-1 by binding to its 3' UTR [66] . Thus, an attractive option for reversing exhausted T cells is to block inhibitory receptors such as PD-1 by manipulating miRNAs. PD-L1 is expressed abundantly in tumor cells and stromal cells such as myeloid-derived suppressor cells and macrophages [67] . Recent studies demonstrated that PD-L1 expression can be inhibited by specific miRNAs expressed in cancer cells [68] . For example, miR-34a and miR-138-5p inhibit PD-L1 expression directly by binding to its 3' UTR [69] . Blocking the PD-1/PD-L1 pathway by the manipulation of miRNAs may provide a potential strategy to reinvigorate the effector function of exhausted CD8 + T cells. Given that the generation of long-lived memory T cells is a goal of effective immunotherapy, a more detailed understanding of immune checkpointmediated tumor evasion and how miRNAs might be manipulated to target these immune checkpoints, warrants further investigation.
miRNA regulation of signaling pathways
From a signaling perspective, central roles for the evolutionarily conserved PI3K family member mTOR in regulating T cell differentiation have emerged [70] . Indeed, an inhibitor of mTOR promotes the formation of memory T cells, providing an effective strategy for ACT [71, 72] . Additionally, the activation of mTOR induces the expression of the glucose transporter Glut1, which is required for glucose uptake by Teff cells [38] . In this regard, altering the metabolic program via the mTOR pathway provides an integrative function for miRNAs in regulating T cell differentiation. The expression of miR-17-92 and miR-155 is positively correlated with the activation status of the mTOR complex [27] , thereby enhancing the effector function and glycolysis of CD8 + T cells. Meanwhile, the formation of memory CD8 + T cells can be suppressed by these two miRNAs, while oxidative phosphorylation, an important metabolic pathway of CD8 + T cells, was diminished at the same time. Whether miRNAs can regulate the metabolism of CD8 + T cells by targeting metabolic pathways remains to be determined.
Growing evidence indicates that miRNAs are also involved in regulating the Notch and Wnt/β-catenin signaling pathways, which play an important role in the differentiation of memory T cells [73, 74] . A recent study indicated that Notch signaling redirects differentiation from memory precursor-like activated CD8 + T cells to stem cell memory T-like cells, which have a long-lived and self-renewing potential [75] . Interestingly, miRNAs, such as miR-34, miR-598 and miR-433, regulate cancer stem cells by targeting the molecules of the Notch signaling pathway [76] [77] [78] . However, the role of these miRNAs in the differentiation of T cells via the Notch pathway is still largely undefined. miR-150 has an effect on the repression of Notch3, thereby inhibiting the differentiation of T cells [79] . Thus, miRNAs could regulate CD8 + T cell differentiation by targeting the Notch signaling pathway.
Integrating miRNAs into the design of future immunotherapeutic approaches
The emergence of engineered T cells as a type of cancer therapy marks the beginning of a new era in medicine, providing an innovative way to combat cancer. The history of TCRengineered T cells or CAR T cells has shown the absolute clinical importance of T cell expansion and persistence in patients with cancer [80, 81] . Within the past few years, many clinical trials have indicated that CD19 CAR-T cells can induce durable remission as well as prolong disease-free survival of patients with refractory B cell malignancies [82] . Furthermore, the success of CD19 CAR-T cell treatment depends on its functionality and persistence. However, current T cell therapies had a limited clinical response in solid tumors [83] . Therefore, there are emerging challenges in the field of T cell-based immunotherapy for solid tumors: (1) how can we expand less-differentiated engineered T cell subsets in vitro; and (2) [84] .
Accumulating findings from in vitro and in vivo models support the critical role of miRNAs in regulating the development, survival, differentiation and effector functions of CD8 + T cells [85] . A broader understanding of the miRNAs that control long-lived and durable T cell function is needed for the improvement of T cellbased immunotherapy. Nevertheless, whether a combination of miRNAs and engineered T cells could improve the efficacy of T cell therapy remains elusive. At present, it was found that miR-153 inhibits IDO1 expression in cancer cells, and which is a tumor-suppressive miRNA that enhances CAR-T cell immunotherapy for solid tumors [86] . More importantly, the over-expression of the miR-17-92 cluster in CAR-transduced T cells results in prolonged protection against tumor re-challenge in a xenograft model of glioma, indicating the potential of engineered T cells with miRNAs for the treatment of cancer [87] . There are also studies demonstrating better antitumor responses and long-term persistence when both CD4 + and CD8 + CAR-T cells are transferred [88] , and it has been proven that one critical role for miRNAs in CD4 + T cells is to help maintain the functional phenotypes of distinct T cell lineages [58] . As shown in Fig. 2 , T cells isolated from patients with cancer can be genetically engineered to recognize tumorassociated antigens in various ways. Recombinant retroviruses can be used particularly to transduce T cells with the TCR or CAR, which generates antigen specificity or antibodylike specificity. To improve the survival of TCR-and CAR-T cells, retroviruses encoding miRNAs may be further transduced to T cells and used for immunotherapy. Although the genetic modification of tumor-specific T cells with miRNAs holds great promise, it must be approached with caution to ensure safety when introducing genes or miRNAs. More importantly, the effects of miRNAs on the effector function and differentiation of CD4 + T cells need more exploration when considering their adoptive transfer to patients with cancer.
Perspectives
miRNAs and their target genes have an emerging role in regulating T cell differentiation and show great potential for T cell-based cancer immunotherapy. miRNAs are involved in many aspects of T cell biology, including transcription factors, immune checkpoints and signaling pathways, which can have a direct impact on the differentiation and functionality of CD8 + T cells. With the development of next generation sequencing technology, a fascinating world has opened up for more detailed investigations of the fine-tuning of the regulation of T cell differentiation by miRNAs.
An ever-growing understanding of miRNA-mediated regulation networks will not only continue to reveal the beauty of nature in CD8 + T cell differentiation but also bring us closer to the prospect of safer and more effective T cell therapies in combination with miRNAbased therapeutics. Harnessing miRNAs in TCR-and CAR-T cells has multiple advantages over other gene engineering strategies. Due to their unique ability to target multiple genes simultaneously, the manipulation of a single miRNA may radically change T cell differentiation and function. Meanwhile, owing to their small size, miRNA genes can be integrated easily 
